In recent years, a second generation of Synthetic Aperture Radar (SAR) satellite sensor has been designed and, partially, put into operation, leading to an important breakthrough in Earth Science studies. The common characteristics of such new systems are, indeed, a reduced revisit time (as short as a few days) and, in most cases, an improved spatial resolution (as small as a few meters), providing scientists with unprecedented data for the mapping and monitoring of natural and human-induced hazards.
Introduction
Synthetic Aperture Radar (SAR) has been one of the most important remote sensing tools for analyzing Earth's surface deformations since several decades. The "first generation" of SAR satellite sensors can be dated back to 1978, when SeaSAT was launched (see Table 1 ); however, it was with the launch of ERS-1 in 1991 that research activities in this field received a considerable pulse. As a matter of fact, although originally designed for studying ocean waves and sea ice, such a sensor became very popular when a systematic experimentation of SAR Interferometry (InSAR) (Zebker and Goldstein, 1986; Li and Goldstein, 1990) E-mail address: sansosti.e@irea.cnr.it (E. Sansosti).
mapping, and Differential SAR Interferometry (DInSAR) (Gabriel et al., 1989) for small elevation change measurement, was carried out in the 90s thanks to the availability of good quality data. In particular, the DInSAR technique produced very impressive results on ice sheet motion in the Antarctica region (Goldstein et al., 1993) , on ground deformation induced by the Landers earthquake in California (Massonnet et al., 1993) , and on the deflation of Mt. Etna volcano in Italy (Massonnet et al., 1995) . Since those early days, several advances have been achieved in this field, from both the algorithmic and the technological point of view. In the 2000s a set of "advanced" DInSAR techniques were developed in order to study not only a single deformation episode (e.g., a single eruption or earthquake), but also to follow the temporal evolution of the detected displacements through the generation of deformation time series (Ferretti et al., 2000; Berardino et al., 2002; Mora et al., 2003; Werner et al., 2003; Lanari et al., 2004; Hooper, 2008; Ferretti et al., 2011) . As an important side effect, this also allows a more effective filtering of the atmospheric noise and a more accurate compensation of the topographic artifacts (which may impair single interferogram analyses), thus improving the overall precision of the methods (Casu et al., 2006 ). An overview of the applications of such techniques can be found in Sansosti et al. (2010) . More recently, the DInSAR scenario has been characterized by a considerable technological development thanks to the advent of a "second generation" of SAR sensors, which are either already operational (TerraSAR-X, COSMO-SkyMed, Radarsat-2) or will be launched in the near future (Sentinel-1, ALOS-2). Although operating at different frequencies and with variable ground resolutions (see Table 1 ), all these sensors exhibit two common characteristics: a reduced revisit time (as small as a few days) and an improved spatial resolution (as small as a few meters and even less, in the spotlight mode).
The aim of this work is to provide a comprehensive overview on how the availability of data gathered by such new systems is impacting the present DInSAR scenario and, more in general, how it is opening new perspectives in the field of Earth Observation. To this end, we exploit a large set of X-band data acquired by the COSMO-SkyMed (CSK) constellation and demonstrate, through the discussion of a number of selected case studies, their capability to detect and analyze deformation phenomena characterized by limited spatial extent and extremely fast dynamics.
In particular, we first show how the improved spatial resolution is making SAR amplitude images more and more comparable to optical ones from a geometrical point of view, thus opening new application scenarios of such remote sensing systems. Indeed, a simple visual comparison between two images, which needs no specific expertise in processing and interpreting radar data, can significantly support the phases of emergency response as well as the risk assessment and mitigation activities.
Next, we present some significant results achieved by applying the Small BAseline Subset (SBAS) algorithm, which allows producing ground deformation time series at a regional scale with reduced resolution (Berardino et al., 2002) , as well as at the full sensor resolution (Lanari et al., 2004) . We perform the low resolution analysis on two test sites, the Napoli Bay area (which includes two volcanic complexes, the Campi Flegrei Caldera and the Mt. Somma-Vesuvius) and the Mt. Etna, both located in Southern Italy, in order to highlight the advantages arising from the use of second generation SAR sensors for the assessment and mitigation of volcanic risk.
Subsequently, we apply the full resolution SBAS algorithm to the Napoli urban area (Italy) to show how the high resolution DIn-SAR data allow mapping, with a unique level of detail, deformation phenomena affecting single buildings and man-made features.
The last case study shows some results relevant to the earthquake that struck Haiti in 2010, causing severe socioeconomic damage. In this case, conventional and advanced DInSAR techniques cannot be directly used because the co-seismic displacements that occurred in the area are too large and coherence is low in the tropical vegetation. Therefore, we apply the Pixel Offset (PO) approach (Fialko and Simons, 2001; Casu et al., 2011) that is able to measure ground displacements with magnitude comparable to the image resolution. Such a technique exploits the amplitude images, only (without using the phase) and the achievable accuracy in the displacement measure is in the order of 1/30th of the resolution cell (Casu et al., 2011) . As a consequence, the use of very high resolution data, such as those acquired by the CSK spotlight mode (1 meter resolution, in both azimuth and range), extends the possibility to use such a technique also to measure deformation phenomena with a centimetric accuracy, significantly smaller than in the past.
Finally, we compare the obtained results, whenever possible, to those achieved by using ERS-1/2 and ENVISAT data, to further point out how the new SAR scenario is moving from deformation analysis to near-real time monitoring, thanks to the recent technological improvements. A comparison with satellite ALOS data is also included for the Etna study area.
Use of single amplitude images: the Giampilieri area experiment
The significant improvement in spatial resolution achieved by the second generation SAR sensors, in particular by the X-band systems, is making SAR images more and more geometrically comparable to optical ones. On one hand, this relevant feature encourages human interpretation of SAR data in a way similar to what can be done for optical images, thus requiring less specific radar expertise for the user; on the other hand, it also stimulates the development of new advanced techniques aimed at integrating radar and optical information for a more comprehensive approach (Brunner et al., 2010) . In both cases, considering the well-known all weather, night & day imaging capabilities of radar systems, the implications in the field of damage assessment (Arciniegas et al., 2007; Dekker, 2011) are evident, thus making the second generation SAR sensors an effective tool for supporting Civil Protection activities.
Due to the geometrical distortions of SAR data (especially in the presence of high topography gradients), the integration techniques require a significant geometrical correction of the SAR data to perfectly overlap and match optical images, thus involving an accurate geo-referencing step. This is crucial for the interpretation of the texture (i.e., a representation of the spatial relationship of gray levels in an image) of the amplitude radar image that allows evaluating the damage occurred in a certain area.
As an example, we focus on the Giampilieri area, located along the Ionian coast of Sicily (Southern Italy), in order to show how radar and optical data can be jointly exploited for the analysis of surface morphologic changes induced by natural hazards. The study area is geologically characterized by the presence of marine sediments mainly consisting of sand, gravel and silt, and covering a tectonically deformed metamorphic bedrock. Mass movements, predominantly shallow soil slides and debris flows, deep-seated rotational and translational slides, and complex and compound phenomena (Cruden and Varnes, 1996) are widespread in the area, and are mainly induced by rainfall (Mondini et al., 2011) . This is the case of the shallow landslides triggered by the intense rainfall event that occurred on 1 October 2009, which heavily affected Giampilieri and other villages, causing severe urban damage and several fatalities.
The massive amount of debris material that flowed to the sea has been detected by comparing a pre-event optical image and a postevent radar data. Fig. 1 shows the coastline sector of the study area. In particular, Fig. 1a reports a true-color optical image acquired on 2 September 2006 by the GeoEye satellite, showing the area before the landslide event. Fig. 1b shows a CSK radar image, acquired in spotlight mode (ground resolution of about 1 m) on 6 October 2009, thus 5 days after the event.
The white arrow in Fig. 1b indicates the debris material that reached the sea after heavy rainfall occurred on 1 October 2009. It is evident that, even with a very limited data processing effort, extremely useful information can be extracted from the simple visual comparison of radar and optical data; this becomes even more valuable considering that the radar information can be recovered also during adverse meteorological conditions (i.e., severe cloud coverage) over the area, which is expected for rainfallinduced landslides, as in this case.
Low resolution deformation time series: the Campi Flegrei and Mt. Etna case studies
As already mentioned, deformation time series, based on the exploitation of large DInSAR data stacks, can be generated via several advanced processing approaches, as opposed to the "classical" DInSAR technique based on the use of single interferograms for the analysis of single deformation events (Massonnet et al., 1993 (Massonnet et al., , 1995 .
The aim of this section is to investigate how data acquired by second generation sensors impact on such advanced technique results. In particular, we focus on the application of the SBAS algorithm (Berardino et al., 2002) , an advanced DInSAR technique that allows us to effectively detect and analyze the temporal evolution of the investigated deformation phenomena. The SBAS technique relies on a proper selection of SAR data pairs used for the interferogram generation. In particular, in order to mitigate the decorrelation noise effects (Zebker and Villasenor, 1992) affecting the interferograms and to maximize the number of reliable measurement points, only SAR data pairs characterized by small spatial and temporal separation (baseline) between satellite orbits are used. Additionally, a multi-platform extension of this technique has also been proposed (Pepe et al., 2005) to jointly exploit SAR data acquired by geometrically compatible radar systems operating with slightly different carrier frequencies (e.g., ERS-1/2 and ENVISAT-ASAR sensors). The multi-sensor SBAS approach allows us to effectively study the long-term behavior of deformation phenomena through the generation of very long time series retrieved by exploiting the nearly 20-year SAR archive collected by the ESA sensors between 1992 and 2010.
In the following, we discuss the results achieved by carrying out a low resolution time series analysis on two areas located in Southern Italy, both characterized by high volcanic risk.
Campi Flegrei
The first case study concerns the comparison between the results of the Campi Flegrei volcanic area obtained by jointly processing a set of 138 ERS-1/2 plus ENVISAT ascending images, and those achieved by using 107 CSK ascending data. The acquisition time interval is January 1993-September 2010 for the ERS/ENVISAT dataset, which has been processed with multi-look factors of 4 in range and 20 in azimuth, respectively, thus reducing the final resolution to about 100 m by 100 m; the look angle for this dataset is about 23 degrees. On the other hand, CSK data were acquired between July 2009 and July 2011 and processed by applying a multi-look factor of 16 in both directions, thus reducing the final resolution to about 50 m by 50 m; in this case the look angle is about 44 degrees.
We first compare the mean deformation velocity maps, which are shown in Fig. 2a for the C-band ERS/ENVISAT data and in Fig. 2b for the X-band CSK data, respectively. Both maps highlight that the Campi Flegrei deformation pattern is accommodated within the caldera wall indicated by the white dotted line in Fig. 2a and b ; the largest displacements occurring in correspondence to the Pozzuoli harbor, indicated by a white star. Due to the different temporal spans, these two maps are dominated by dissimilar deformation phenomena. The long-term ERS/ENVISAT pattern is mostly related to the continuous subsidence that affected the area up to 2000, totaling about 25 cm of Line of Sight (LOS) displacement since 1993. Conversely, the CSK velocity map is mostly related to the small and discontinuous uplift phase that started in mid 2009. Note also that, for this reason, we were forced to use two different color-scales to represent the two maps.
It is worth noting that the spatial coverage of the X-band measurements is significantly improved with respect to the one attainable by using C-band data, at least for such a highly urbanized volcanic area. Indeed, if we zoom in the Astroni crater region, as shown in Fig. 2c and d , it becomes clear how the improved spatial resolution of the X-band sensors allows us to retrieve measurements where no C-band information is available. Although this comparison may be biased by the different temporal coverage of the two datasets (the longer time span of C-band data can contribute to a certain loss of temporal coherence) and by the different look angles (the steeper C-band look angle is less favorable) the better spatial coverage effect is mainly attributed to the improved spatial resolution of the new sensors (Bovenga et al., 2012) .
It is also interesting to compare the two datasets in terms of their temporal characteristics. In particular, in Fig. 2e we present the temporal evolution of the displacement with respect to the overall observation period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) , for a pixel located within the area of maximum deformation and indicated by a white star in Fig. 2a and b. To this aim, since the deformation is known to be predominantly vertical in this area (Trasatti et al., 2008) we compensated for the two different radar look angles (∼23 • and ∼44 • for the C-and X-band data, respectively), thus estimating the two vertical deformation components of the ground deformation, which are directly comparable to each other.
By analyzing the plot of Fig. 2e , we note that the C-band data (black triangles) show a complex temporal evolution of the ground deformation. In particular, from 1993 to 2000 the retrieved surface displacements are characterized by a substantial long-term subsidence period, which started after the 1982-1984 uplift crisis, when a maximum uplift rate of 1 m/year was reached (De Natale et al., 2006) . The subsidence trend is interrupted by a mini-uplift event occurred in 2000, after which a residual subsiding phase took place up to 2005. After that, the C-band time series analysis suggests that the long-term subsidence (induced by the 1982-1984 unrest) has stopped and a new phase of background slow uplift has begun, although a faster uplift episode occurred in 2006 and ended shortly after (mini-uplift). This new background phase, observed by the C-band sensors, is also confirmed by the deformation time series analysis performed by using the X-band images, see again Fig. 2f) , show a clear uplift trend; conversely, this phenomenon would have been detected only several months later at the ERS/ENVISAT revisit time.
In this context, while the X-band SAR technology may play a key role for the comprehension of the physical processes that are responsible for the retrieved deformation patterns, it can also open new possibilities for operational use as monitoring tool in early warning scenarios.
Mt. Etna
As a further example, we consider the Mt. Etna test site for which a set of 132 descending ERS-1/2 plus ENVISAT images, 18 ascending ALOS and 78 descending CSK SAR acquisitions were available. Fig. 3 shows the CSK mean deformation velocity map superimposed on the amplitude image of the whole Etna volcano. The most evident features that can be observed are: (i) the strong signal of the Eastern flank of the volcano showing a positive displacement (decreasing target-sensor distance), which is related to the well-known Eastern flank collapse phenomenon Solaro et al., 2010; Ruch et al., 2012) ; note also that the flank motion is bounded by the Pernicana fault to the North (the fault trace is indicated by a black line in Fig. 3) ; (ii) a generalized negative displacement of the Western flank (increasing target-sensor distance); (iii) a local subsidence related to recent lava flow compaction within the Valle del Bove and the Southern flank.
As a first example, we present a qualitative comparison between the CSK, ALOS and ERS/ENVISAT results, in terms of spatial coverage and temporal sampling of the retrieved measurements. Fig. 4a-c shows the LOS mean deformation velocity maps obtained by processing CSK, ALOS and ERS/ENVISAT data, respectively, for the portion of the Mt. Etna NE flank highlighted with a black box in Fig. 3 , which corresponds to the area of the well-known Pernicana Fault. The increased spatial coverage of the CSK measurements, with respect to the C-band case, is also evident for this area, which is characterized mostly by a rural coverage, in addition to what happens for the urbanized Campi Flegrei site. As already noted, we must consider that, also in this case, the longer temporal coverage and the less favorable look angle of C-band data may play a role in the above-mentioned coherence loss, in addition to the differences in spatial resolution. On the other hand, a denser spatial coverage achieved by ALOS data shown in Fig. 4b is evident, especially for areas closer to the fault. In this case, the coherence improvement due to the longer L-band wavelength is predominant over the effect of the different spatial resolution. Note also that the deformation mean velocity computed from ALOS data shows a reversed sign for the fault displacement. This is consistent with a predominantly horizontal component of the displacement field, as confirmed also by other data (Guglielmino et al., 2011) , and with the different look directions of ascending ALOS data (East) and descending ERS/ENVISAT and CSK (West).
On 3 April 2010, a M = 4.3 earthquake occurred in the Pernicana area, thus making this region particularly interesting for a time series analysis. When discontinuous seismic signals are expected, the choice of the SBAS approach is particularly appropriate since no temporal model is required (Berardino et al., 2002) . A time series analysis allows also filtering of atmospheric disturbances, which are highly correlated in space but poorly in time (Ferretti et al., 2000) . However, this filtering operation may impair the actual signal temporal discontinuity related to the earthquake; an effective way to handle this problem is the use of a median filtering step, which has proven to be particularly effective when applied to almost evenly sampled data, such as in the CSK case (Currenti et al., 2012) .
A comparison of the three datasets in terms of their temporal characteristics is shown in Fig. 4d-f wherein the time series of the relative displacement across the Pernicana Fault are reported: the plots show the movement of the points labeled as a red star with respect to the ones labeled as a red circle in Fig. 4a-c for CSK, ALOS and ERS/ENVISAT case, respectively. In this way, the measurements in the time series are representative of the relative motion between the two opposite sides of the fault. To ease the comparison, the ERS/ENVISAT and ALOS plots have been restricted to the same CSK time period (2009) (2010) .
The analysis of the time series plots in Fig. 4 clearly shows that the shorter CSK revisit time greatly improves the capability to detect the sharp signal associated with the seismic event. In this case, we can clearly recognize a discontinuity (about 7 cm) corresponding to the earthquake, which is barely detectable by using the ALOS or ERS/ENVISAT measurements alone (see Fig. 4e and f) due to the poor temporal sampling.
Note also that the jump in the ERS/ENVISAT time series (about 3 cm) is smaller than that in the CSK case, although they both refer to the same points on the ground (see stars and dots in Fig. 4a  and b) . This is mainly due to the different look angles of the two sensors. Indeed, since the deformation is essentially horizontal in this area (Guglielmino et al., 2011) , the LOS displacement, say ır, can be computed as a function of the horizontal movement, ıx, and of the look angle ϑ, as:
The ratio between the two LOS displacements is, therefore, given by: when specified for the look angles of 23 degrees for ERS/ENVISAT and 56 degrees for CSK, thus justifying the amplitude scales of the plots in Fig. 3 , within the 1 cm precision typical of these techniques (Casu et al., 2006) . In any case, the amplitude of the displacement discontinuity detected by using CSK and ERS/ENVISAT data is significantly smaller than what expected from other independent measurements, such as leveling measurements and field campaigns (Guglielmino et al., 2011; Ruch et al., 2013) . This is because the maximum of the deformation occurs very close to the fault, where both CSK and ERS/ENVISAT data are strongly decorrelated; moreover, the deformation field due to the very shallow earthquake largely disappears a few hundred meters away from the fault trace.
To better investigate this point, we exploit the improved coverage of ALOS data and compute the displacement time series by using two points closer to the fault trace, as indicated by a dot and a star in Fig. 4b . The corresponding time series, shown in Fig. 4e , highlights that, although presenting a poorer temporal sampling, it is more capable of capturing the larger deformation signal close to the fault. On the other hand, CSK and ERS/ENVISAT displacements are relevant for an area where, although the deformation signal has considerably lowered, the earthquake temporal signature still remains, thus making the event distinctly detectable in the CSK case.
Due to the very localized nature of the M 4.3 earthquake deformation, a full resolution (3 m by 3 m) analysis based on short time interferograms covering the earthquake area was carried out in order to better highlight the potentiality associated with the increase of spatial resolution of second generation sensors on a volcanic area (see Fig. 5 ).
Most of the interferograms in Fig. 5 (in radar coordinates) are characterized by widely spaced fringe patterns, which mimic a possible seismic deformation signal. However, because these interferograms are generated mostly from independent acquisitions, the shape of the computed fringes varies in spite of the short temporal intervals covered by the interferograms, thus excluding any other deformation signals not related to the earthquake. We conclude that these interferograms are noticeably affected by atmospheric noise (tropospheric water vapor) that is overlapping to the earthquake signal. In fact, for the lower resolution processing presented earlier in this section, the atmospheric filtering was a crucial step to separate signal from noise.
Nonetheless, closely to the fault trace indicated by the black line in Fig. 5 , a small fringe pattern is consistently observed (see area indicated by the black arrow) at a spatial scale where atmospheric heterogeneities can be assumed uniform and, therefore, give a negligible contribution. This demonstrates that CSK data are capable of capturing very localized deformation signal even in non-urban areas, at a small scale which was unattainable with the first generation sensors. This is an important characteristic that can open new frontiers in the field of numerical modeling of volcanic and/or tectonic complex structures; an example of such a modeling application is presented in Currenti et al. (2012) . 
Full resolution deformation time series: the Napoli urban area case study
Deformation in urban areas can be induced by natural and anthropogenic causes, and can potentially result in severe structural damage. Therefore, deformation detection and monitoring play a key role in defining appropriate strategies for assessment and mitigation of the associated risk as well as in implementing efficient rehabilitation measures.
Although originally designed to work at the regional scale, the SBAS approach can be also applied to single-look interferograms (Lanari et al., 2004) , thus focusing on local deformation affecting single elements, such as buildings and infrastructure. As for the multi-look version, an extension to multi-platform data, characterized by similar acquisition geometries, has also been developed (Bonano et al., 2012) . In this section, we present a comparative DInSAR analysis of ground deformation time series and velocity maps relevant to the urban area of Napoli (Southern Italy). This is done by applying the full resolution SBAS technique to the same ERS/ENVISAT dataset used in Section 3 for the Campi Flegrei Caldera analysis and a CSK dataset composed by 225 SAR images acquired between July 2009 and March 2013. Fig. 6a and b shows the full resolution deformation velocity maps of the analyzed area obtained by processing the available C-band and X-band datasets, respectively; only coherent pixels, superimposed on a true-color optical image of the investigated area, are shown. Comparison of these figures makes evident that, for the full resolution approach, there is also a significant increase in the density of coherent pixels in the CSK case, compared to the ERS/ENVISAT one. This characteristic is mainly due to the improved resolution of CSK data, although the shorter time interval and the less steep look angle of CSK acquisitions can play a non-negligible role.
Such an improvement in the density of measurable points allows us to analyze almost all the structures located in the area and to potentially detect differential displacements affecting single buildings or, in general, human-made structures. In particular, from Fig. 6b we note the presence of several buildings affected by deformation. Indeed, this area has recently been affected by excavation works related to the construction of a new metro line. The area indicated by the red circle in Fig. 6b is zoomed in Fig. 6c . This corresponds to a building located in the Napoli city center, nearby the construction site. It is evident that the large number of coherent targets identified on the imaged building allows a detailed investigation of intra-building displacements occurring on the analyzed structure.
Furthermore, these movements can be studied in detail by focusing on their temporal evolution. In particular, we report in Fig. 6d the deformation time series relevant to the point labeled as P1 in Fig. 6c located within the considered building, thus highlighting how the structure is affected by significant deformation patterns starting in the second half of 2011. This can be probably attributed to the new underground excavation works.
This example demonstrates that the full resolution SBAS approach represents an efficient tool for detecting non-linear deformation phenomena associated with man-made activities. This capability becomes more and more effective when dealing with short revisit time SAR datasets, since it allows us to analyze and monitor over time the stability conditions of existing structures over wide areas. Such characteristics, gathered by the improved spatial resolution and shorter temporal sampling, make the second generation SAR sensors a valuable instrument not only in geophysical contexts, but also in the fields of geotechnical and structural engineering (Bonano et al., 2013) . 
Large deformation measurements through the Pixel Offset (PO) techniques: the Haiti area case study
When dealing with large and fast ground deformation signals, resulting from strong earthquakes, DInSAR techniques may fail. The reason is that, in such cases, some regions of the generated interferograms may present very high fringe rates, which, in turn, may cause large phase unwrapping errors. Larger deformation may even lead to a complete loss of coherence due to misregistration of the SAR images. This limitation can be overcome by exploiting the amplitude (instead of the phase) of SAR images and by computing the Pixel Offsets (PO) between matching points, both in the across-track (range) and along-track (azimuth) directions (Fialko and Simons, 2001) . As a matter of fact, when the deformation causes geometric distortions without significantly affecting the values of the SAR image reflectivity, the ground displacements can be retrieved by measuring such a distortion in the amplitude images of the considered SAR data pair (Pathier et al., 2006; Kobayashi et al., 2009) .
From the above discussion, it is clear that PO approach is able to retrieve ground deformations that are on the order of the image pixel dimension and this capability, obviously, allows better results when azimuth and range spatial resolutions increase, which is the case of the second generation SAR satellite systems, such as TerraSAR-X and COSMO-SkyMed. Additional advantages of PO approach are: (i) the capability to generate also the along-track or azimuth (North-South direction) displacement map in addition to the across-track one (range); (ii) no need for phase unwrapping, which is one of the most critical steps in the DInSAR processing chain.
To illustrate the potential of the PO technique in conjunction with the use of second generation SAR sensors, we present an example relevant to the destructive seismic event that struck Haiti on 12 January 2010 (Mercier de Lépinay et al., 2011) . For our experiment, we used data acquired by the CSK constellation in the spotlight mode, characterized by a resolution smaller than 1 m in both range and azimuth directions. Pixel Offsets were computed by using the AMPCOR algorithm included in the JPL/Caltech ROI PAC open source software package (Rosen et al., 2004) .
In Fig. 7a we show a post-seismic differential interferogram between 21 January and 29 January 2010, superimposed on the amplitude image (in radar coordinates). The presence of an interferometric signal along the coastline of the Haiti region is evident. On the contrary, by analyzing the co-seismic interferogram, made by the interferometric pair between 12 December 2009 and 21 January 2010 (Fig. 7b) , the presence of extended low coherence areas along the same coastline becomes evident. These areas are plausibly affected by massive deformation phenomena and widespread collapse of buildings that did not allow a correct reconstruction of the differential interferometric phase, causing a loss of information. The large amount of deformation, probably caused by soil liquefaction and lateral spreading affecting the coastline, is effectively retrieved by applying the PO technique, as shown in Fig. 7c , whereas DInSAR techniques provide no information due to the loss of coherence. Moreover, the very high resolution of the exploited SAR data makes this technique particularly effective for such an application. As a matter of fact, a lower resolution sensor would have not been capable of retrieving the deformation pattern in this area, unless it had been much larger.
Although the result shown in Fig. 7c represents a single experiment, it is clear that the availability of sequences of data like these is going to significantly reduce the gap between the retrieval capabilities of phase-and amplitude-based deformation measurements. In this context, the application of PO technique may open new application scenarios in the analysis of the ground displacements.
Conclusion
Through a number of experiments, based on the use of real data acquired by the COSMO-SkyMed constellation, we have discussed how the second generation of SAR sensors is impacting (and somehow changing) the role of Earth Observation information in research and monitoring activities. Key factors of these sensors are the reduced revisit time and the improved spatial resolution.
One of the most important results arising from the use of second generation SAR data is that the phenomena can be detected earlier and can be studied with better temporal details. This is the case of: (a) a debris dislocation in the Giampilieri area, which can be detected by an easy and fast comparison of optical and high resolution SAR amplitude images, acquired before and immediately after the event, respectively; (b) the Campi Flegrei Caldera, where the start of a new unrest episode has been detected at an early stage; (c) the Pernicana earthquake that occurred on 3 April 2010 at Mt. Etna, which has been studied with an unprecedented level of temporal detail. These characteristics open new possibilities for the operational use of such techniques as a monitoring tool in early warning scenarios.
Additionally, second generation SAR sensors also allow capture of ground information with a greater level of spatial detail, both in natural and urban areas. Indeed, the possibility of studying very localized deformation signals, as for the case with Pernicana earthquake, potentially opens new frontiers in the field of numerical modeling of complex volcanic and/or tectonic structures. Moreover, the capability to detect and monitor the temporal evolution of intra-building displacements in urban areas, as seen for the Napoli case study, also demonstrates the great potentiality for geotechnical and structural engineering analyses.
Finally, the improved spatial resolution extends the possibility of exploiting SAR image amplitude, instead of phase, for imaging large deformation episodes, typically associated with strong seismic events, for which DInSAR technique may be impaired by fast fringe rates and coherence loss.
While these results provide excellent examples of the new potential of second generation SAR sensors for the study of ground deformation, they also highlight a major drawback (affecting mainly DInSAR time series analyses): the great increase of computational effort in terms of both the amount of data to be handled/stored and the required CPU time. This characteristic forces us to perform an optimization of existing algorithms; a possible choice is the implementation of algorithm portability to distributed hardware architectures, such as GRID and Cloud systems (Casu et al., 2009) , in order to benefit from existing and shared large computing resources.
